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ABSTRACT: An emulsion polymerization method was
employed to prepare pulverized expandable graphite
(pEG)-poly(methyl methacrylate-acrylic acid) copolymer
[(PMA)] composite particles, and then the pEG-P(MA) par-
ticles were used for a flame retardant of the rigid polyur-
ethane foam (RPUF). Fourier transform infrared (FTIR)
spectroscopy data demonstrated the existence of P(MA) in
the pEG-P(MA) particles, and the result of the thermogra-
vimetric analysis (TGA) indicated that the content of
P(MA) was 24.3 wt %. Morphological observation showed
that the pEG particles were encapsulated by a layer of
polymer coating to form typical core–shell composite par-
ticles. Due to the possible reaction between ACOOH of
pEG-P(MA) and R-CNO of isocyanate, the compatibility
between the composite particles and the RPUF matrix was

highly enhanced. In contrast to the pEG, the limiting oxy-
gen index (LOI), the horizontal and vertical burning tests
showed the pEG-P(MA) composite particles could improve
the flame retardancy effectively. The improved flame
retardancy of the RPUF matrix was attributed to the
increased expansion volume ratio of pEG-P(MA) particles
as exposed to fire. The dynamical mechanical analysis
(DMA) showed that the incorporation of the core–shell
particles could improve the storage modulus and tan d of
the RPUF composites. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 122: 932–941, 2011
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INTRODUCTION

Polyurethane foam (PUF) is a polymer material
which is widely used in various industries such as
petroleum, chemical plant and building. However,
PUF is flammable and the smoke of CO, HCN, and
other toxic gases releases during its burning which
is very harmful to the human health and the envi-
ronment.1 Therefore, seeking desirable flame retard-
ants for PUF is quite necessary. Because it is difficult
to overcome the shortcomings of traditional halogen
flame retardants, such as releasing corrosive and
toxic smoke, halogen-free flame retardants are natu-
rally attracted more and more attention, especially
the intumescent flame retardants.2 Expandable
graphite (EG) is one of the halogen-free intumescent
flame retardants, which has a special graphite flake

structure where sulfuric acid (H2SO4) is intercalated
between the carbon layers. When EG is exposed to
fire, on one hand, the chemical reaction occurs in
the case of H2SO4:

Cþ 2H2SO4 ¼ CO2 " þ2H2O " þ2SO2 "

On the other hand, the sulfuric acid between the
carbon layers boils and decomposes into some gas.3

Hence, when the composite material with EG is
heated, EG can expand to form ‘‘worm-like’’ carbon
layer on the surface, thus the layer limits the heat
and oxygen transfer, also suppresses the release of
the smokes.4 Ultimately, the carbon coating prevents
the composite material from burning.
In our previous work, we studied the influence of

various factors (the loading of EG, the density of
PUF, and the size of EG particles) on the flame
retardant and mechanical properties of the EG-filled
rigid PUF (RPUF).5–9 It has been verified that EG
could effectively improve the fire retardant perform-
ance of RPUF. However, the large-size EG particles
would cause the poor adhesion between EG and
RPUF matrix, thus producing the defects in the
foam, e.g., collapse of cells. The mechanical
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properties of the EG/RPUF composites were sharply
deteriorated. Therefore, we pulverized the EG par-
ticles into fine ones (pEG) using an ultra-high speed
mixer to reduce the destructive effects of EG on the
mechanical properties of RPUF composites.10 How-
ever, when the pEG particles were heated, the blow-
ing gases escaped from the edge of the flakes more
quickly than the raw EG particles, leading to a
smaller swelling volume of the pEG particles. Their
flame retardant performance was degraded.

Based on the previous work, we proposed to
encapsulate the pEG particles with a thin layer of
polymer coating to form core–shell flame retardant
particles. When the core–shell flame retardant par-
ticles were heated, the polymer coating could pre-
vent the blowing gases (CO2, H2O, and SO2, etc.)
from escaping from the edge of the flakes immedi-
ately. The swelling volume of the core–shell particles
was bound to be increased, resulting in their flame
retardant properties improved. Following this strat-
egy, we have done some preliminary researches on
the synthesis of pEG-poly(methyl methacrylate)
(PMMA) composite particles and their application to
flame retardant of RPUF.11 The results showed that
the limiting oxygen index (LOI) value of the RPUF
composite containing 10 wt % of pEG-PMMA core–
shell particles was increased from 23.5 vol % of
pEG/RPUF composite to 26.5 vol %. When PMMA
was partially hydrolyzed, the R-COOH group in the
polymer coating would react with the R-NCO group
of the isocyanate. Therefore, the interface adhesion
between pEG-PMMA and RPUF could be highly
enhanced and the mechanical properties of the
RPUF composites were significantly improved.12

Unfortunately, PMMA began to degrade at the tem-
perature of 180�C, while the expansion temperature
of the raw EG was above 200�C.13 Hence PMMA did
not effectively prevent the gas from escaping at a
higher temperature and within a certain time range,
which was not favorable to further improvement of
the flame retardancy of the foam composite.

The aim of this work is to employ another polymer
which owns a higher initial decomposition tempera-
ture as the shell material to form the core–shell flame
retardant particles. When the retardant particles are
heated, the pEG particles can expand to a higher
expansion ratio, and further improve the flame re-
tardant. Following such an idea, the pEG particles
encapsulated with poly(methyl methacrylate-acrylic
acid) copolymer [(PMA)] was prepared via emulsion
polymerization.14,15 Not only did the initial decompo-
sition temperature of copolymer improve but also the
ACOOH group in the copolymer itself reacted with
the R-NCO of isocyanate. Hence, the pEG-P(MA)
shell–core composite particles filled RPUF exhibited
the outstanding flame retardancy and the compatibil-
ity between pEG and matrix was enhanced.

EXPERIMENTAL

Materials

Isocyanate, Model N200, was purchased from
Changfeng Chemical Co. (Chongqing, China). The
primary material properties of N200 are as follows,
isocyanate equivalent weight, 126.5 g, ANCO weight
percent, 30%, viscosity (25�C), 215 � 10�3 pa.s, func-
tionality, 2.2. Polyether polyol (PAPI), Model GR-
4110G, based on the polypropylene oxide, and
sucrose/glycerin base, was purchased from Gaoqiao
Petro Co. (Shanghai, China). The main properties are
as follows, density (25�C), 1.1 g/cm3, hydroxyl num-
ber, 430 mg potassium hydroxide (KOH) equiv/g of
resin, viscosity (25�C), 3.283 pa.s, functionality, 4.1,
average molecular weight, 550 g/mol.
Triethanolamine, a cross-link catalyst with a den-

sity (25�C) of 1.122 g/cm3, was purchased from
Shanghai Chemical Reagent Co.(Shanghai, China).
Dibutyl tin dilaurate, a catalyst with a density of

1.052g/cm3 and Sn content of 18 wt % was obtained
from Sichuan Chemical Reagent Co.(Chengdu,
China). Methyl methacrylate (MMA), potassium per-
sulfate (KPS), sodium dodecyl sulfate (SDS), Sodium
chloride (NaCl), dicarbonate (NaHCO3), and acrylic
acid (AA) were purchased from Kelong Chemical
Co. (Chengdu, China). All the reagents are of analyt-
ical grade.

Synthesis of pEG-P(MA)

A 500mL four-necked round-bottom flask was
equipped with a stirrer, a condenser, a thermometer
and a N2 inlet. The flask was charged with SDS (1.7
g), NaHCO3 (1.3 g), H2O (200 mL), and pEG (80 g).
The flask was heated to 45�C and kept stirring for 1
h. To promote pEG dispersion, a ultrasonication
treatment was also used in the above procedures.
The mixture was then heated to 65�C under N2

atmosphere for 5 min. Then KPS (15 g of 0.5 wt %)
aqueous solution, MMA (10 mL) and AA (5 mL)
were poured into the flask. Thereafter, the mixture
was kept for about 30 min. Additional KPS (15 g of
0.5 wt %), MMA (10 mL), and AA (5 mL) were
dripped into the flask within 1 h. The mixture was
further kept under reflux for 4 h at 65�C. The above
reaction procedures were all under N2 atmosphere.
At last, the precipitate was filtered and washed with
plenteous deionized water three times after breaking
emulsion by a certain concentration of sodium chlo-
ride solution. Finally, the precipitate was dried at
60�C for 4 h, yielding a deep gray powder.

Synthesis of RPUF composites

The detailed preparation procedures of RPUF
were reported in our previous publications.5–9 The
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pEG-P(MA)/RPUF and P(MA)/RPUF composites
were prepared using the same way by cast molding.
In this work, the pEG content was fixed at 10 wt %.
The density of all the samples for further character-
izations was 0.2 g/cm3 6 0.01 g/cm3.

Characterizations

Fourier transform infrared (FTIR) spectroscopy was
used to detect the presence of P(MA) in the core–
shell particles with a Nicolet 560 FTIR spectrometer.
100 scans within the range of 4000 cm�1–400 cm�1

were done for each sample.
Thermogravimetric analysis (TGA) was performed

using a Q5000 WRT-2P instrument thermogravimet-
ric analyzer (made in Shanghai, China) at a heating
rate of 10�C/min from 50 to 800�C under N2

atmosphere.
Fire behavior was characterized through LOI, hori-

zontal and vertical burning tests. LOI was deter-
mined on a HC-2 oxygen index tester (Jiangning,
China) according to ASTM D 2863-97. The geometry
of the sample sheets was 127 � 10 � 10 mm3 The
horizontal and the vertical burning tests were con-
ducted with a CTF-2 horizontal and vertical burning
instrument (made in Jiangning, China) according to
ASTM D 635-98 and ASTM 3801-96, respectively.
The geometry of the sample sheets was 127 � 13 �
10 mm3.

The morphological study was performed by a
scanning electron microscope (SEM) using JSM-9600
(JEOL, Japan) with an accelerating voltage of 20 kV.

The compressive strength and the compressive
modulus were measured with a universal electronic
tensile machine (Shimadzu, Japan) with a compres-
sion rate of 2 mm/min according to ASTM D1621-94.

The dynamical mechanical analysis (DMA) was
done by a Q800 DMA instrument (TA Instruments,

USA) with a heating rate of 3�C/min. The sample
size was 35 � 10 � 4mm3. The temperature range
tested was from 50 to 250�C.

RESULTS AND DISCUSSION

Morphological observation of core–shell
composite particles

Figure 1 displays SEM micrographs of the raw pEG
and the pEG-P(MA) particles. From Figure 1(a), one
can easily see that the raw pEG presents a smooth
surface due to the raw graphite flakes. Very small
graphite sheets can be also found out on the surface,
which were exfoliated from the raw EG particles
upon the intense shear of the ultra-high speed mixer.
Comparing the two micrographs in Figure 1, it is
interesting to find that the surface of the pEG-P(MA)
particles [Fig. 1(b)] becomes rough, the size of the
particles becomes larger and no metallic luster
appears. But there are so much imperfections of the
coating polymer on the pEG-P(MA) particle which
are mainly attributed to the fact that water mole-
cules and monomer molecules are wrapped in the
polymer during encapsulation. These small mole-
cules are evaporated from the composite particles
when dried, leaving some flaws. Above all it sug-
gests that the pEG particles are encapsulated by a
layer of polymer coating. The Scheme 1 shows the
formation model of the core–shell structure of pEG-
P(MA) particles and the detailed chemical reaction
of polymerization of P(MA).
The pEG particles are emulsified owing to the

existence of the emulsifier. And the aggregation of
the copolymer of the monomer MMA and AA
occurs inside micelles on the surface of the pEG
particles due to the effect of the initiator.16 When a
certain chain length of the copolymer is reached,
some oligomers are also formed owing to external

Figure 1 SEM micrographs of (a) raw pEG and (b) pEG-P(MA) [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com].
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environment (such as the initiator, monomer con-
centration, etc.) during copolymer aggregating in
micelles. At last, a large amount of the long copoly-
mer chains form a polymer coating on the pEG
surface. Unfortunately, all of the chains cannot fully
grow into high degree of polymerization of copoly-
mer chains. The copolymer would form a ‘‘straw-
berry-like’’ coating structure on the surface of the
pEG particles.17 The copolymer, including the
‘‘strawberry-like’’ structure coating and the coating
of the long chains forms the core–shell coating on
the pEG surface. The schematic illustration of this
special structure is shown in Scheme 2. As is shown
in Scheme 2, the ACOOH group of pEG-P(MA) can
react with the R-CNO of isocyanate. Therefore, the
enhanced adhesion between the pEG-P(MA) particle
and the matrix can be expected.

FTIR spectra characterization

Figure 2 shows the FTIR spectra of P(MA), pEG, and
pEG-P(MA). The IR characteristic absorptions of
P(MA) can be observed at 2950 cm�1 corresponding
to symmetrical and asymmetrical absorptions of the
CAH groups. The absorptions at 1450 cm�1 and
1390 cm�1 are attributed to the vibration mode of
ACH2 and ACH3 groups, respectively. The absorp-
tion at 3430 cm�1 are assigned to the AOH of the
ACOOH groups. And, the absorptions at 1150
cm�1–1250 cm�1 and 1731 cm�1 are for the stretch-

ing vibration of the ACAO group and stretching
vibration of the –C¼¼O groups, respectively. The
above results confirm the existence of P(MA).
Comparing the FTIR curves of P(MA) and pEG-

P(MA), one can find that both materials display the
same characteristic peaks, indicating their consistent
chemical groups. At the same time, the characteristic
peaks of P(MA) and pEG-P(MA) do not appear in
the spectra of the pEG. Combining FTIR with SEM
results, a conclusion can be drawn that the pEG par-
ticles are successfully encapsulated by a polymer
coating of P(MA).

Thermal analysis

The TG curves of pEG, pEG-P(MA), and P(MA) are
shown in Figure 3. It can be clearly observed that
the pEG particles begin to decompose at 200�C and
the residual rate is 74.1 wt % at 800�C. 25.9 wt % of
weight loss may be due to a redox process between
H2SO4 and graphite, releasing the blowing gases.
The decomposition of P(MA) starts at 404�C. The

mass loss rate increases with temperature, the maxi-
mum of which is 76.6 wt % in the temperature range
from 404 to 452�C. And compared with PMMA, the
initial decomposition temperature of P(MA) signifi-
cantly increases,11 so it is possible to improve flame
retardancy of the pEG-P(MA) particles filled RPUF
composites. The increased thermal stabilities of
P(MA) could be due to the acid catalyst of AA

Scheme 2 Reaction scheme between the ACOOH group of pEG-P(MA) and R-NCO of isocyanate [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com].

Scheme 1 Core–shell formation model of pEG-P(MA) particles (a) and chemical reaction scheme of polymerization of
P(MA) (b) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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during the thermal degradation of copolymer,
causing decomposition temperature shift to higher
temperature.18 Some reports had also proposed that
monomer sequences such as methacrylic acid or
acrylic acid can increase thermal stabilities of
copolymers.19–21 The residual rate of P(MA) is 2.1%
when the temperature reaches 800�C. The degrada-
tion of the pEG-P(MA) exhibits two steps of decom-
position. The first weight loss step from 240 to
368�C comes from the gas release during expansion
of pEG in the surface of samples, in this step, pEG
started to expand to form a carbon layer and shows
a maximal rate of weight loss at 304�C; the second
range from 368 to 416�C was due to the degradation
of carbon bone mainchain of P(MA),22–23 in this step,
the expanded pEG also started to degrade and
presents a maximal rate of weight loss at 398�C. The

residual rate of the pEG-P(MA) is 56.6 wt % at
800�C. However, we find that the beginning decom-
position temperature of the pEG-P(MA) is lower
than that of the pure P(MA). The reason is that the
beginning expansion temperature of pEG is at about
240�C while the decomposition of P(MA) starts at
404�C. So the beginning decomposition temperature
of pEG-P(MA) is lower than that of the pure P(MA)
come from the gas release during expansion of pEG.
Furthermore, It can be mainly ascribed to the fact
that the thermal conductivity of the pEG particles is
higher than that of P(MA). As the pEG-P(MA) par-
ticles are heated, the decomposition of the pEG-
P(MA) particles occur both inside and outside of the
core–shell particles, making the measured onset tem-
perature be lower than the P(MA). The mass percent
of pEG was estimated to be 75.7 wt % in the com-
posite particles by eq. (1) and that of P(MA) was
24.3 wt %.11

WpEG ¼ ðMpEG�PðMAÞ�MPðMAÞÞ
ðMpEG�MPðMAÞÞ

� 100% (1)

WPðMAÞ¼ 1�WpEG (2)

where WpEG is the weight percentage of pEG and
WP(MA) is the weight percentage of P(MA) in pEG-
P(MA). MpEG, MP(MA), and MpEG-P(MA) are the weight
loss of the raw pEG, pure P(MA), and pEG-P(MA),
respectively.

Morphological observation of pEG-P(MA)/RPUF
composites

The SEM micrographs of pEG/RPUF and pEG-
P(MA)/RPUF composites are shown in Figures 4
and 5, respectively. It can be seen from Figure 4(a)
that the compatibility between the pEG and RPUF is
very poor, resulting in so much collapse and colli-
sion of cells, and the relaxedness of the whole cells.
From the higher magnification SEM micrograph of
the pEG/RPUF composite [Fig. 4(b)], it can be found
that the gap between pEG and RPUF is larger than
that of the pEG-P(MA) particles and RPUF in Figure
5(b). Therefore, when the matrix is subjected to
external force, the stress cannot transfer from the
matrix to the pEG particles effectively, causing
decline in the mechanical properties.24 Moreover, the
gap is like a chimney, more and continual oxygen
would transmit from the outside of material to the
internal of material, providing continuous fuel when
the composites are burning. Hence, it may make the
flame retardancy of the composites degrade.
It can be seen from Figure 5(a) that the cell

morphology the pEG-P(MA)/RPUF composites are
uniform and integrated. The accumulation of each
cell is compacted with each other. No collapses and

Figure 2 FTIR spectra of raw (a) pEG, (b) pEG-P(MA),
and (c) P(MA) [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com].

Figure 3 TG curves under N2 atm for (a) pEG, (b) pEG-
P(MA), and (c) P(MA) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com].
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collisions exist in the matrix. Figure 5(b) presents the
SEM micrographs of the pEG-P(MA)/RPUF compo-
sites at higher magnification where the interface
between the pEG-P(MA) particles and the RPUF
matrix is blurred. Figure 5(c) refers to the enlarged

regional areas in Figure 5(b). It can been seen that
the pEG-P(MA) particles and the RPUF matrix inte-
grate closely, implying their very good compatibility.
The reason for good compatibility is that the core–
shell structure can enhance the infiltration of the

Figure 4 SEM micrographs of the pEG/RPUF at low (a) and high (b) magnification.

Figure 5 SEM micrographs of the (a) pEG-P(MA)/RPUF at low and high (b, c) magnification.
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core–shell particles in the RPUF. At the same time,
the ACOOH group of copolymer can react with the
R-NCO group of the isocyanate to produce
ACOOCOHNR groups as shown in Scheme 2. It is
also reported by Zhao25 that the reaction between
toluene 2,4-diisocyanate and carboxylated carbon
nanotubes at 50�C can be achieved.

The average diameter of cells is about 330 lm for
the pEG/RPUF in Figure 4(a), whereas it is about
250 lm for the pEG-P(MA)/RPUF composite in
Figure 5(a). This indicates that the core–shell particles
have a good nucleation ability for cell formation,
which increases the concentration of cells.5

Flame retardant properties of RPUF composites

Figure 6 shows the LOI values of RPUF, P(MA)/
RPUF, pEG/RPUF, and pEG-P(MA)/RPUF. As seen
from Figure 6, when the pEG is encapsulated by a
layer of polymer coating, its LOI gets improved. As
the content is 10 wt %, the LOI value increases from
23.5 vol % to 26 vol % compared with that of the
pEG/RPUF. The flame retardant properties of pEG-
P(MA)/RPUF composite get better than that of the
pEG/RPUF composites. It is mainly because when
the pEG-P(MA) particles are heated, the polymer
coating of P(MA) protects the pEG particles from
producing CO2, H2O, SO2 and other gases immedi-
ately, hence the graphite sheets fully open and the

swelling volume of the pEG particles are bound to
be increased.26 Thus, the flame retardancy can be
improved. In addition, with porous structure, ther-
mal conductivity of the thermosetting PUF is
extremely poor,27 therefore the material is likely to
cause local accumulation of heat. When the core–
shell flame retardant particles are filled into the
PUF, the pEG particles may help lead combustion
heat away from the burning point, decreasing the
thermal insulating efficiency of the foam28 and the
temperature of the fire due to good compatibility
between the flame retardant particles and the matrix
and good thermal conductivity of graphite, which
plays the role of the assisting flame retardant at a
certain extent.29 At the same time, we also find that
a small amount of smoke is generated probably due
to the decomposition of the P(MA) in the combus-
tion process.
The data listed in Table I shows the horizontal and

vertical burning results of pEG/RPUF, pEG-P(MA)/
RPUF, RPUF, and P(MA)/RPUF. With 10 wt % of
pEG and pEG-P(MA) content, the composites achieve
V-1 rating and FH-1. In addition, we also find that
the flame extinguishes immediately after flame appli-
cation for 30 s. There is no smoke generated in the
combustion process. As the content of the P(MA) is
10 wt %, the flame retardant ability of these compo-
sites cannot be distinguished merely by the rate of
linear burning. Moreover, the rate of linear burning
increased to 2.58 � 10�3 m/s from 2.33 � 10�3 m/s
with 10 wt % pEG. The reason may be that straight-
chain structure of the P(MA) is more lively than the
cross-linking structure of polyurethane.

Mechanical properties of RPUF composites

The mechanical properties of RPUF are important
parameters to evaluate its practical applications. The
compressive strength and modulus of RPUF, pEG/
RPUF, pEG-P(MA)/RPUF, and P(MA)/RPUF are
shown in Figures 7 and 8. The compressive strength
and modulus of RPUF are 2.8 MPa and 48.4 MPa,
respectively, while those of the pEG/RPUF are 1.3
MPa and 30.3 MPa. The tremendous decreases are
due to poor compatibility between pEG particles
and RPUF matrix. However, at the same loading of
the pEG-P(MA) particles, there is a marked increase
in the compressive strength and modulus, which are
2.29 MPa and 58.46 MPa. Three reasons could clarify
the above phenomena, first, the good invasion
between pEG-P(MA) and the matrix is conducive to
reduce the substrate surface tension. Therefore, the
effective contact area between the composite par-
ticles and the RPUF matrix increases, enhancing
their compatibility which can also be verified in
SEM micrographs in Figure 5. Second, reaction
between the ACOOH and the R-NCO establishes

Figure 6 The limiting oxygen index (LOI) values of
(a) RPUF, (b) P(MA)/RPUF, (c) pEG/RPUF, and (d) pEG-
P(MA)/RPUF.

TABLE I
The Horizontal and Vertical Burning Tests for pEG/
RPUF, pEG-P(MA) /RPUF, RPUF, and P(MA)/RPUF

Sample
Horizontal
burning rate

Vertical
burning rate

RPUF 2.33�10�3 m/s –
P(MA)/RPUF 2.58�10�3 m/s –
pEG/RPUF FH-1 V-1
pEG-P(MA)/RPUF FH-1 V-1
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chemical connections between inorganic particles
and RPUF matrix, improving their interface adhe-
sion as formation model in Scheme 2. Moreover,
smaller size and higher density of cells would
increase the mechanical properties of the foam30,31

which can be seen from Figures 4 and Figure 5. So
when the pEG-P(MA)/RPUF composites suffer from
external loading, it can make the stress transfer from
matrix to inorganic particles effectively. Moreover,
compared with the same loading of pEG-P(MA) par-
ticles and P(MA), the compressive strength and
modulus of the P(MA)/RPUF are only 1.13 MPa and
26.67 MPa, respectively. Isocyanate could react with
PAPI to form cross-linked network structure, which
is the key factor to affect mechanical properties.
However, cross-linked network structure could be
deteriorated to some extent when more ACOOH
groups of P(MA) react with R-NCO groups. Oprea
et al.32 also reported that the different acrylic struc-
tural units could depress or improve the mechanical
properties of polyurethane materials.

This is mainly ascribed to the more ACOOH
groups of P(MA) which react with the R-NCO
group, thus reducing the cross-link degree of the
matrix and leading to the worse mechanical
performance.
In short, good compatibility and effective interface

interaction between the inorganic pEG particles and
the matrix are very important to improve mechanical
properties.12 When the pEG-P(MA)/RPUF compo-
sites are compressed, P(MA) layers exhibit excellent
compatibilizing effect and transfer stress effectively.
Thereby, damaging pEG-P(MA)/RPUF composite
needs more energy, and mechanical properties of the
composites have been improved.33

Dynamic mechanical analysis of RPUF composites

PUF is often used as package materials, so good
damping is necessary for it.34 The design principle
of damping of RPUF composites is to improve the
loss factor and glass transition temperature (Tg).

35

Generally, tan d of damping material should be
beyond 0.3.36 The tan d of RPUF, pEG/RPUF, pEG-
P(MA)/RPUF, and P(MA)/RPUF composites are
presented in Figure 9. The tan d of RPUF (0.77) is
higher than that of the pEG/RPUF composite (0.36).
Therefore, one can easily conclude that adding pEG
particles into the composite depresses the damping
properties of the RPUF. The temperature range caus-
ing the damping effect of each composite is 130–
160�C for RPUF and 195–219�C for pEG/RPUF
respectively. However, tan d of pEG-P(MA)/RPUF
composite increases from the 0.36 to 0.63 compared
with that of pEG/RPUF composites, while it can be
found that the temperature range is 141–180�C. The
increase of the temperature range causing damping

Figure 7 Compressive strength of (a) RPUF, (b) pEG/
RPUF, (c) pEG-P(MA)/RPUF, and (d) P(MA)/RPUF.

Figure 8 Compressive modulus of (a) RPUF, (b) pEG/
RPUF, (c) pEG-P(MA)/RPUF, and (d) P(MA)/RPUF.

Figure 9 The tan d of (a) RPUF, (b) pEG-P(MA)/RPUF,
(c) P(MA)/RPUF, and (d) pEG/RPUF [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com].
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effect should be due to the toughness effect of the
P(MA). So the elastic properties of the pEG-P(MA)/
RPUF composite become better than that of the
pEG/RPUF in relation to tan d. At the same time, it
also can be seen that Tg of the pEG-P(MA)/RPUF
composite decreases compared with that of pure
RPUF, attributing to the poor cross-link of pEG-
P(MA)/RPUF composite. However, tan d of the
P(MA) filled RPUF is only 0.57, while the tempera-
ture range is 159–195�C. The damping property of
the P(MA)/RPUF composite decreases due to the
movement of the smaller segments in P(MA)
polymer.

In brief, the damping properties of RPUF are
mainly decided by the shape of filler and cross-link
degree of the RPUF.37 Segment movement of the
RPUF increases owning to the low degree of cross-
linking, then weakening the interlock of network
segment.38–40 At last, the damping performances of
the composite are deteriorated. When the cross-link-
ing degree of the composite is too high, it may limit
the motion of molecular chains in the network, also
undermining the damping properties. Thereby,
whether the degree of the cross-linking is too low or
too high, the damping properties of the composites
would decrease. In short, it is significant to make
out the suitable loading of pEG-P(MA) particles that
can improve the damping performance of RPUF.

In addition, Tg of the pEG/RPUF and pure RPUF
are 207�C and 150�C, respectively, from the TG
curves (Fig. 9). The increase of Tg of the pEG/RPUF
is attributed to the restriction of molecular motion
because of the incorporation of the pEG particles.41

The rigidness of the P(MA) is lower than that of
the pEG particles. Thus increasing movement of
molecular chains causes low Tg of the P(MA)/RPUF

compared with that of the pure RPUF. The superflu-
ous filler will also reduce the cross-linking degree of
the RPUF, leading to lower Tg. So Tg of the pEG-
P(MA)/RPUF is lower than that of the P(MA)/RPUF
composite.
Figure 10 shows the storage modulus curves of

pure RPUF, pEG-P(MA)/RPUF, P(MA)/RPUF, and
pEG/RPUF as a function of temperature which
are 89.11 MPa, 108.06 MPa, 66 MPa, and 60.65
MPa, respectively, at temperature of 50�C. With the
increase of temperature, the storage modulus of all
the samples exhibits an obvious falling trend because
of the increase of molecular mobility.42 Particularly
at around the glass transition temperature, the stor-
age modulus decreases faster than that at the other
temperatures. The storage modulus of pEG-P(MA)/
RPUF is the highest before 140�C. The reason may be
that the core–shell particles can help improve the
storage modulus of the composite due to the better
adhesion between the particles and the matrix. Prior
to 140�C, the storage modulus of P(MA)/RPUF and
pEG/RPUF is always lower than pure RPUF which
can be attributed to poor compatibility between the
pEG particles and the RPUF matrix. The storage
modulus of pEG-P(MA)/RPUF is lower than that of
pEG/RPUF when temperature is over 140�C. It is
because the macromolecular chains are frozen, while
the movement of small segments is accelerated with
the increase of the temperature.43 In short, core–shell
particle is helpful to improve the compressive modu-
lus in a certain temperature range.

CONCLUSIONS

SEM and TGA results showed that the core–shell
flame retardant particles have been successfully pre-
pared through emulsion polymerization method.
The RPUF with the flame retardant particles content
of 10 wt % maintained very good flame retardancy
(LOI, 26 vol %, V-1 rating in UL-98). It can be seen
that a suitable decomposition temperature of the
shell material plays a crucial role in flame retardant
of the core–shell flame retardant particles. The aver-
age diameter of cells indicates that core–shell par-
ticles have good nucleation ability for cell formation.
The interfacial adhesion between pEG particles and
RPUF is propitious to achieve improvement of the
mechanical properties of flame retardant RPUF com-
posites. The compressive modulus and the compres-
sive strength of the pEG-P(MA)/RPUF composites
were 48.4 MPa and 2.8 MPa, respectively. The DMA
test also showed that the core–shell particles could
improve the damping performance of pEG-P(MA)/
RPUF composites (tan d 0.77) and the storage modu-
lus (108.06 MPa). Furthermore, the method of encap-
sulating pEG by the copolymer with respect to the
practical application is so simple and quick.

Figure 10 The storage modulus of (a) pEG-P(MA)/RPUF,
(b) RPUF, (c) P(MA)/RPUF, and (d) pEG/RPUF [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com].
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